A novel method is proposed for retrieving the 3-D orientation of axes of symmetry of near-source anisotropy by a non-linear inversion of observed radiation patterns of seismic displacement spectra of Rayleigh waves.
refraction arrivals, we have had a considerable amount of seismological evidence of the presence of the seismic anisotropy within lithospheric plates. A number of long-range explosion surveys in oceanic basins provided a lot of the azimuthal variations of the P, arrivals Raitt et al. 1969; Keen & Barrett 1971 ; Snydsman, Lews & McClain 1975; Okada et al. 1978; Shimamura & Asada 1978) . Of particular interest is the study near the Hawaiian Islands, showing the maximum P,, velocity parallel to and the minimum P,, velocity perpendicular to a trend of fracture zones in the vicinity. Other long-range explosion surveys showed similar anisotropy patterns. The seismic anisotropy was also detected in the continental uppermost mantle (Bamford 1977; Hirn 1977) . Many surface-wave dispersion studies were made to obtain so-called SH-SV anisotropy along propagation paths (McEvilly 1964; Kaminuma 1966; Forsyth 1975; Schlue & Knopoff 1977; Yu & Mitchell 1979) . Many mantle nodules were obtained and always showed clear anisotropy of wave propagation velocities within the samples (Christensen 1971 ; Mercier & Nicolas 1975; Francis 1976; Ramananantoandro & Manghnami 1978) , presumably due to the preferred orientation of the crystallographic axes of olivine.
I have been stimulated by focal mechanism solutions with non-orthogonal nodal planes, previously reported by Sykes (1967) , Thatcher & Brune (1971) , Solomon & Julian (1974) and Einarsson (1979) . They all interpreted the non-orthogonality as an evidence of the nearsource inhomogeneity. Randall (1971 Randall ( , 1972 and Dziewonski & Gilbert (1974) made challenging discoveries of non-zero traces of seismic moment tensor. They considered that the non-zero traces were an evidence of volumetric changes at the earthquake foci. However, it should be of great interest now to look at such observation from the point of view of the near-source anisotropy as pointed out by Kawasaki & Tanimoto (1981) . It may be a sign of the near-source anisotropy. Here, we do not consider an idea of laminated structures of soft thin layers as an alternative mantle model as proposed by Aki (1968) and Takeuchi, Hamano & Hasegawa (1 968) for interpreting so-called SH-S V anisotropy of surface-wave dispersion.
Nicolas & Poirier (1976), Crampin (1977) and Gueguen & Nicolas (1980) discussed and summarized possible mechanisms of the lithospheric seismic anisotropy. suggested that the current mode of the mantle convection under oceanic ridges is due to a glide of olivine crystals along one of the planes of symmetry and that a-and b-axes are aligned perpendicular to and parallel to the trend of the oceanic ridge, respectively. At the present stage of development of geophysics, research showing us evidence of a possible type of the 3-D orientation of olivine crystals by actual seismic data should play a very important role in understanding the tectonic stresses and movements of lithospheric plates. However, olivine crystals are orthotropic and, consequently, high resolution is required for detecting the 3-D orientation of the orthotropic anisotropy. Conventional methods proposed such as long-range explosion surveys and surface-wave dispersion analyses do not have such resolution. We need a new method to penetrate the 3-D orientation.
2 Strategy Kosevich (1965) and Kawasaki & Tanimoto (1981) presented an equality (1) between seismic moment tensor Qij, elastic moduli Cijmn, Burgers vector bj, and axial vector Si of a dislocation in an infinite elastic medium as:
where the summation convention is applied for repeated subscripts. The axial vector S i is defined as a vector perpendicular to the dislocation surface and its absolute value is equal to a projection to the ith plane of an area encircled by a dislocation loop. The equality (1) provides an important clue to approaching the 3-D orientation of the near-source anisotropy. According to the equality (l), if a faulting is generated within an anisotropic source region, body force equivalents for the faulting are in general not of a double couple but of the sum of three orthogonal dipole forces with different magnitudes (Kosevich 1965; Kawasaki & Tanimoto 1981) . Resulting from the third dipole force, which does not appear for an isotropic source medium, radiation patterns of seismic waves due to the faulting are deformed, the deformation amounting to possibly several per cent compared with those for an isotropic source medium. Fig. 1 (a, b) shows azimuthal variation of log spectral amplitudes and phases of Rayleigh waves in a period range from 20 to 100s for a pair of the Mid-Atlantic Ridge events of 1965 and 1970 with focal mechanisms determined by Weidner & Aki (1973) . Fig. 2 (a, b) give log spectral amplitude ratios and differential phases, which are obtained from values presented in Fig. 1 (a, b) . Solid lines with a t symbol denote the spectra for an anisotropic source medium of olivine crystals with a-, b-and c-axes aligned vertical, perpendicular to and parallel to a trend of the Mid-Atlantic Ridge (Nll"E, calculated by data of Minster & Jordan 1978) in the vicinity of their epicentres. Solid lines without the t symbol denote those for an isotropic source medium. Media along propagation paths are assumed to be isotropic. If seismic records are of a high enough quality to resolve the difference as seen in the figures and if the effects of medium inhomogeneity along propagation paths can be efficiently expelled, we could see the near-source anisotropy by an inversion of the radiation patterns of Rayleigh waves, which locates focal parameters minimizing square residuals between observed and theoretical radiation patterns. Shapes of the seismic displacement spectra versus frequency at single stations are almost unchanged except for those in directions close to nodes of the radiation patterns, even if the near-source anisotropy is introduced into the calculation of the equivalent forces. Only radiation patterns (azimuthal variations of seismic wave displacements radiated) are deformed. In order to detect the near-source anisotropy, the proper coverage of seismographic stations is one of the essential requirements. In view of above considerations, our strategy is built up as follows. First, a parameter survey is made to obtain the optimum pair of focal depths of the pair-events, in order to avoid complications resulting from the existence of Moho discontinuity. Namely, a lot of pairs of focal depths are given one by one with an increment of 1 km, and the non-linear inversion as in Section 5 to locate fault plane solutions is run for all of the given pairs of focal depths to find which pair of focal depths gives the minimum of the square residual. Secondly, in order to remove the effects of medium inhomogeneity along propagation paths, a pair-event scheme (Weidner & Aki 1973; Kafka & Weidner 1979 ) is introduced into the inversion of the radiation patterns. The pair-event scheme means that we analyse not seismic displacement spectra of single events but spectral amplitude ratios and differential phases of pair-events which have both close hypocentres and different focal mechanisms. Aki & Patton (1978) reported that the average phase velocities along propagation paths must be previously known with an accuracy of 0.5 per cent or better to derive successful results in the moment tensor inversion for single events, which is a very severe constraint. Involving the pair-event scheme in the inversion, we can avoid any kind of difficulty due to the insufficient accuracy of the phase velocity estimation. Considering that seismic data may not have so high a resolution, it is a better attitude to make the framework of the problem simple. Thirdly, we assumed that the near-source anisotropy results from the fully oriented olivine crystals, and that three axes of symmetry, a, b and c, are aligned in only three directions, vertical, parallel to and perpendicular to a trend of a ridge axis. With these assumptions, we have only six possible orientations of axes of symmetry. If one of the six possible orientations really exists in the near-source region, Figure 2 -continued the square residual should be reduced by about several per cent by involving the orientation in the inversion. That is our strategy.
When we have seismic records of a far higher quality in the future, we shall be able to develop the method to discuss volume ratios of the fully oriented olivine crystals. where M is the magnitude, Mo is the seismic moment, @ is the strike direction measured clockwise from the north, 6 is the dip angle and h is the slip direction of the hanging wall measured clockwise from the strike direction on the fault plane, which is the same convention as Weidner & Aki (1973) and Mendiguren (1977) . The coverage of the stations is illustrated in Fig. 3 and seismographic stations are listed in Table 1 with epicentral distances and azimuths from each event. 
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where Ahst and ahst are corrections for instrumental responses, w is the angular frequency, k is the wavenumber, r is the epicentral distance and T 1 and T2 are the beginning and the end of the time window, respectively. T I was chosen so that Rayleigh waves with group velocities of 4.2-4.3 km s-' were within the window. T2 was chosen depending on their judgement that they were seeing only coda (Weidner & Aki 1973) . Spectral amplitudes were averaged over intervals of 0.005 Hz. The observations were passed through a time variable filter to derive group and phase velocities to each station. The seismic spectra obtained were equalized to an epicentral distance of 2000km, using these phase velocity data. In this research, their spectral data file is used unchanged except for the use of a Q value of 110 for paths between epicentres of the pair-events. Love-wave data are not used in this paper because Love waves are not efficiently generated (Weidner & Aki 1973) and it is so difficult to separate higher mode contributions in this period range for oceanic structures. The near-source anisotropy does not yield so efficient a deformation of radiation patterns for Love waves as those for Rayleigh waves.
4 Moment tensor expression of surface wave excitation Mendiguren (1977) gave far-field expressions of displacement spectra R of Rayleigh waves due to seismic sources given as the seismic moment tensor Qij,
where y : (i = 1, 4) are the y-solutions of the equations of motion, d is the focal depth and f 3 is the azimuth measured counter-clockwise from the direction of the xl-axis. Other symbols are the same as in Saito (1967) and Mendiguren (1977) .
Description of the method of the inversion
Following a natural definition of the pair-event scheme as given by Weidner & Aki (1973) , a square residual SQR of the inversion is
- (4) where capitals A and P denote spectral amplitudes and phases of the vertical displacements of Rayleigh waves, superscripts T and 0 mean theoretical and observed values, subscripts 1, 2, n and j indicate the 1965 event, the 1970 event, station and period numbers, respectively. The seven unknown parameters are G1, G2 (strike directions of the pair-events), 61, 42 (dip angles), XI, X,, (slip angles) and y [= log(M,/M,) , log seismic-moment ratio of the pair-events] . x is vector whose elements are the seven unknown parameters:
x=(G1,42,61,82, hl,h2,Y)-
The SQR is obviously a non-linear function of x.
The method of iterative search for correction Ax is the well-known Newton-Raphson method, which consists of linearization of equations and a procedure of solving them as follows. Defining, a2 a correction vector Ax is AX^ = -aij @j.
x N and x H are defined as
If SQR(xH) is smaller than SQR(xN), we make a correction for x by just Ax/2 instead of Ax. Substituting the new x into the equations (4)- (6), we have a new SQR. This iterative search is repeated until a difference of the SQRs between the present and the previous steps becomes smaller than A value of 0.2 is chosen for the weight W p . Defining a$ and a$ as
for most of elements of the matrices in the present case. Namely, if a value larger than 0.2 is used for the W,, the iterative search goes to fit spectral phases rather than amplitudes. It should be noted here again that the near-source anisotropy has greater effects on the amplitudes than on phases as seen in Figs (la)-(2b). W, greater than 0.2 is unsuited for the present purpose. On the other hand, the spectral phases are more sensitive to focal depths than amplitudes. Larger W p is desirable to have an accurate focal-depth estimation, which is one of the controlling parameters for the normal mode excitation. In view of these considerations, 0.2 is chosen for the W,.
Unfortunately, two assumptions (A-1) and (A-2) are basically unavoidable to obtain medium transfer responses:
(A-1) A dimension of the anisotropic source region is possibly within a few tens of kilometres and small enough to neglect effects of the source medium anisotropy on the wave propagation, compared with the wavelength (80-500 km) treated here.
(A-2) As suggested by , seismic anisotropy along propagation paths beneath the Atlantic Ocean may be localized to the uppermost part of the upper mantle if it exists. Its effects on the wave propagation can be neglected, also considering the wavelength. Media along propagation paths can be assumed to be isotropic when calculating the medium transfer responses .
y-solutions of the equations of motion calculated by a program of Saito (1967) can be assumed to be satisfactory approximations to the medium transfer responses within the actual Earth, allowing for assumptions (A-1) and (A-2). Substituting the y-solutions and the moment tensor expression (1) into equation (2), we obtain theoretical amplitudes A :i and phases PLi(i = 1,2) of the normal mode excitation of Rayleigh waves.
6 The optimum pair of focal depths
In the first step of the analysis, supposing an isotropic source medium, the parameter survey to find an optimum pair of focal depths of the pair-events is made for three earth models ( Weidner (1974) Mid-Atlantic Ridge model (WD-model). The S-wave velocity of the WD model is significantly smaller by about 0.5 km s-' at depths from 100 to 300 km than those of the HA and MA models.
Square residuals obtained are listed in Tables 3-5 as a function of the pair of focal depths. Numerals are reduced square residuals RES calculated as RES = (SQR-0.4) x 1000.0. Viewing these tables, we have two possible optimum solutions common to the three earth models, which are labelled A-1, A-2, B-1, B-2, C-1 and C-2 in the tables. For shallow ones (A-1, B-1 and C-l), d-1 (focal depth of the 1965 event) is right below the ocean bottom and d-2 (focal depth of the 1970 event) is around the Moho (5-6 km deep from the ocean bottom). For deeper ones (A-2, B-2 and C-2), d-1 is right below the Moho and d-2 is 5-1 1 km below the Moho. In view of their magnitude 5.6, foci of the pair-events possibly have an extent of a few kilometres. Considering the uncertainty of the fault extent, the earth models and ratios between the square residuals at the minima and at neighbouring areas, the uncertainty of the depths estimated here appears to be within several kilometres. Focal parameters obtained for each optimum pair of focal depths are listed in Table 6 It should be emphasized that the minimum square residual is reduced to about half of the residual 0.724 referred to as WDO in the table, which is one for the focal mechanism solutions of Weidner & Aki (1973) .
Graphs of square residuals in Fig. 4 (a, b) are generated by varying one parameter with increments 5" or 10" with other parameters fNed at the best-fitting solutions (IS-A-1) and (IS-A-2), respectively, as indicated by arrows. They show the resolution of the parameters obtained. Table 7 . The label on the right shoulder of each diagram corresponds to that in Table 7 . pseudo-random-number generator. 7 Monte-Carlo experiment
The Monte-Carlo experiment is challenged to demonstrate the uniqueness of the optimum solutions for the following three cases I, I1 and 111. In the first case I, nine numerals zi(O < zi < 1, i = 1,9) are produced one by one by a pseudo-random number generator and are assigned to x of equation (7), d-1 and d-2, as $~~= ( 2 z~-l ) r , 6i=(22i+,-l)n/2, Xi=(2~,-,~-1)n/2, ( i = 1, 2), r=(2z7-l), d -1 = 7 t 1 2 z 8 and d -2 = 7 + 142,. In the cases I1 and 111, the pair of focal depths is fured at (A-1) and (A-2), respectively, and 100 sets of seven numerals z j ( i = 1, 7) are generated and assigned to x by the same manner as for case I. The non-linear inversion is worked out for the total 500 sets of starting values for the HA model. Solutions obtained with a square residual smaller than 0.45 are listed in Table 7 with starting values bracketed and are illustrated in Fig. 5 . There are only two solutions (111-36) and (111-64) with the square residual smaller than 0.4, which are completely the same as the solution (IS-A-2). This is not easily seen in Table 7 because numerals are for the auxiliary plane or an alternative expression of the fault plane, but can be easily seen in Fig. 5 . The result presented leads us to conclude that the focal plane solutions in Table 6 with the optimum pair of focal depths convinces me of the uniqueness of the solutions as derived by the non-linear inversion of the Rayleigh-wave radiation patterns.
Introducing the seismic anisotropy
Introducing the near-source anisotropy into the inversion, we repeat it for the six possible cases (see Section 2) of the preferred orientation of the crystallographic axes of olivine. The pair of focal depths is temporarily fured at each optimum pair of focal depths A-1 -C-2.
The starting values of the focal parameters are the corresponding ones in Table 6 for an isotropic source medium. Square residuals obtained are listed in Table 8 , where the notation (cba) denotes an orientation with the first c-and the second b-axes aligned perpendicular to and parallel to the trend of the ridge axis and the last a-axis vertical.
Hypocentres with the deeper optimum pairs of focal depths A-2, B-2 and C-2 are obviously in the mantle. Hypocentres with the shallow optimum pairs of focal depths A-1, B-1 and C-1 are within the crust of the earth models used. However, their epicentres are located close to an area where a long-range explosion survey was operated by Talwani, Le F'ichon & Ewing (1965) and the idea of the anomalous mantle beneath the Mid-Atlantic Ridge was first proposed. Depending on their ridge model, the hypocentres were likely in the anomalous mantle. Considering this, the inversion is also repeated for two possible cases, for one of which (indicated as A-1-1, B-1-1 and C-1-1 in Table 8 ) only the shallower 1965 event was in the crust and the 1970 event is presumed to be in the anomalous mantle. For the other case (A-1-2, B-1-2 and C-1-2), both events are assumed to be in the anomalous mantle. Elastic moduli of olivine crystals of Kumazawa & Anderson (1969) are used for the mantle events when calculating the body force equivalents of the faulting. Numerals for a row IS0 are SQRx 1000.0 for an isotropic source medium and numerals for rows (abc) -(cab) are square residuals with the corresponding IS0 residual subtracted.
As clearly seen in Table 8 , the minimum of the square residual is attained at the orientation (cab) for A-1-2, B-1-2 and C-1-2, for which they are reduced by about 3.4 per cent by introducing the orientation (cba) into the inversion. This may be a very important result for the present purpose. Fault plane solutions are presented in Tables 9 and 10 for orientations from (abc) to (cab) for the cases A-1-2 and A-2, respectively. The focal parameters of the solution for (cba) in Table 9 Graphs of the square residual for the source medium with the preferred orientation (cba) give almost the same shape as corresponding ones in Fig. 4 (a, b) for an isotropic source medium and are not presented here.
(AN-A-1 ) .
9 Fitting curves Fig. 6 shows fitting curves of log spectral amplitude ratios and differential phases. Namely, log(AL+lTnj) and (PTnj -Pzni) are compared with log(,4ynj/Aynj) and (en! -enj), respectively. Solid lines without a t symbol are fitting curves, given an isotropic source medium with the fault plane solutions (IS-A-I). Solid lines with the t symbol are ones for the anisotropic source medium with the orientation (cba) and the fault plane solutions (AN-A-1) . Considering the symmetry of the surface wave excitation, data (triangles) from azimuth 180" to 360" are superposed on data (circles) from 0" to 180". Displacement spectra predicted for the single events using focal parameters obtained above and a Q value of 110 are presented with observations in Fig. 7 . Namely, log(A&) and ( P 2 j ) are compared with log(A2j) and ( P z j ) , i = 1, 2, respectively, for observing the propagation path effects, which is irrelevant to the present inversion. Viewing these figures, we see that the path effects are very large but satisfactorily cancelled out by involving the Table 9 . Square residuals and focal parameters with standard errors (bracketed) obtained for the case A-1-2 in Table 8 , details of which are in the text. pair-event scheme in the inversion, especially for spectral phases, which were previously wellcorrected using observed dispersion data by Weidner & Aki (1973) . It can be said that spectral phase data cannot be used in single-event analyses unless special care is taken into the inversion. For stations STJ, BHP, CAR and TRN which are at azimuths through 70" to 100" west of the south, the discrepancy between observed and calculated spectra is especially high (Figs 6 and 7). As pointed out by Weidner & Aki (1973) and Weidner (1974) , it may be due to very thick sedimentary layers in the Caribbean Sea Basin. Seemingly, the results presented here are providing a good basis for discussing a fine structure of the azimuthal variations of Q. However, it is not made in this paper because the Q estimation is totally dependent on the seismic-moment estimation and proper simultaneous inversion of both the seismic moment and Q for each path is needed to make the discussion meaningful, which is irrelevant to the problem of the seismic anisotropy and beyond the scope of this paper. 10 Fault plane solutions by P-wave first motion data P-wave first motion data are reviewed in this study. Only data from records which clearly convinced me of the first motion directions are plotted by the equal-area projection of the lower focal hemisphere. Figs 8 and 9 show the fault plane solutions for the optimum pairs of focal depths (A-1) and (A-2), respectively. Solid and broken lines are nodal lines for the preferred orientation (cba) and for an isotropic source medium, respectively. Unfortunately, part of the first motion data are inconsistent with the nodal lines. Traces of the records of WWSSN stations KON, PTO and TRI for the 1965 event and SJG, CAR, TRN, ARE, NAT and LPB for the 1970 event are given in Figs 10 and 11. As is seen, reading of the first motion directions is simple. For this discrepancy, the following three factors can be considered. , The biggest concern is related to the poor resolution of the slip angle of the 1970 event between 0" and 60" as noted in the previous section. If the slip angle is possibly smaller than that of the optimum solutions, an auxiliary plane dipping to the south becomes steep. The 1 9 J U N E 1 9 7 0
second problem is the ray bending due to lateral heterogeneity including the near-source anisotropy. Ward (1973) and Solomon & Julian (1974) showed that large bending can be caused by the lateral heterogeneity possible in tectonic regions like the midoceanic ridges. The last problem is on surface reflected phases. Recently, Trehu, Nablelek & Solomon (1981) showed that non-orthogonal fault plane solutions for long-period P-wave first motion data of shallow events beneath the Mid-Atlantic Ridge can be interpreted well by synthesizing P waveforms including the surface-reflected phases and effects of finiteness of faulting. In Fig. 12 , some of the P waveforms for the 1970 event, synthesized by the same method of Bouchon (1976) and Trehu et al. (1981) , are presented, supposing an isotropic and laterally homogeneous ridge structure. The source time function used is specified by three parameters of a trapesoidal source function and a focal depth (ta, tb, tc, d-2) as given in the figure, details of which should be referred to in the papers of Bouchon (1976) and Trehu et al. (1981) .
For near stations (e.g. SJG, CAR and TRN) within an epicentral distance of 15" -20", the near-source inhomogeneity has strong effects on the body-wave propagation including the ray bending, and the ray modelling is improper for the long-period P-waves. Considering this setting of stations and source area, the main part of the observations (upper traces) appears to be not so contradictory as that of the P waveforms synthesized (lower traces).
Anyway, I think that the result from seismic data of longer wavelengths is more real than that of shorter wavelengths allowing for the inhomogeneity of the ridge structure.
11 Reliability of the results obtained
The biggest controlling factors for the estimation of the square residuals may be (E-1) focal depths and (E-2) inhomogeneity. The focal depths are believed to have been well constrained within an uncertainty of several kilometres by the surface-wave inversion as given in the pevious sections. Even if they have an uncertainty of IOkm, the results obtained are kept valid in the sense that the square residuals can be diminished by about 3 per cent by introducing the preferred orientation (cba) for any pairs of focal depths within a range of the uncertainty. As is seen in Figs 6 and 7, effects due to the inhomogeneity are efficiently cancelled out by involving the pair-event scheme in the inversion. We believe that the effects due to (E-1) and (E-2) are successfully excluded from the results obtained.
There are other parameters which may produce less error in the estimation. They are (E-3) W' , (E-4) directivity, (E-5) mislocation of epicentres, (E-6) higher mode contamination and (E-7) accuracy of calculation of normal mode solutions. The result is not affected by changing W, through 0.2-0.5, though not illustrated here. There may not be essential uncertainty related to the mislocation of the epicentres as discussed by Weidner & Aki (1973) . When calculating normal mode solutions, we gave a lot of subdivisions to layers of the earth models in Table 2 considering the wavelengths passing through the layer. The directivity is the only problem left uncertain here. Considering the magnitude 5.6 of the pair-events, an error of 1-2 per cent of spectral amplitude estimation is probable at the period range of 20-100s. However, it could not be checked because of the one-sided distribution of the WWSSN stations used as seen in Fig. 3 .
The last problem we must discuss is the statistical estimation of significance of the result. Assuming F-distribution of the square residual, the ratio 1.034(= 0.395/0.382) is obviously out of the range of 95 per cent reliability of the statistical estimation. If the ratio is between 1.033 and 1.040 with a sample freedom 1000-1500 (number of stations multiplied by number of periods analysed), the ratio is within 95 per cent reliability. This means that there is a need for about 200 standardized seismographic stations within the limited area of present interest. On the other hand, with the sample freedom 118 as in this case, the ratios must be greater than 1.4 in order to have the estimation within the 95 per cent reliability, which cannot be expected from the nature of our target. From these considerations, we see that our target to penetrate the 3-D orientation of olivine crystals by the surface-wave inversion unfortunately does not have a property liable for the statistical estimation, at least at the present stage of seismology.
As suggested by , the uppermost mantle beneath the East Pacific Rise may be more anisotropic than that beneath the Mid-Atlantic Ridge. If we could find a proper pair of events beneath the East Pacific Rise and apply the method to them, we should obtain a result statistically more significant. This is one of our forthcoming targets.
Conclusion
Finally, I believe that the given data are showing the following in the sense of the minimum square residuals:
(C-1) The pair-events occurred at depths around 7 and 12km in the anomalous mantle beneath the Mid-Atlantic Ridge with the fault plane solutions (AN-A-I), possibly with a smaller slip angle for the 1970 event.
(C-2) Given that the anomalous mantle consists of the fully oriented olivine crystals, they have the preferred orientation with a-, b-and c-axes aligned vertical, parallel to and perpendicular to the trend of the ridge axis (N11"E) as illustrated in Fig. 13 , for which resolution is unfortunately poor.
The present results are consistent with ones of long-range explosion surveys in the northeast Pacific Ocean made by Morris et al. 1969) and Raitt et al. (1969) in the sense that the direction of the largest P-wave velocity of about 8.6 km s-l is parallel to and a direction of the smallest P-wave velocity of about 7.8 km s-' is perpendicular to the trend of fracture zones. Recently, Christensen & Salisbury (1979) observed alignment of the a-axis of olivine crystals normal to sheeted dykes for the Bay of Islands ophiolite complex and considered that it is evidence of the a-axis aligned normal to the trend of the fossil ridge axis with which the present results are inconsistent.
In order to make the conclusion (C-2) indubitable, there may be a need to apply the inversion to more pair-events under the Mid-Atlantic Ridge, desirably using the SRO data which are considered to have less content of long-period noise.
Future development of research can be carried out along the same lines. Applying the method to a number of pair-events occurring in various kinds of tectonic regions like oceanic basins, orogenic zones and inclined deep seismic zones, we shall be able to see transitions of the 3-D preferred orientation associated with the evolution of lithospheric plates as suggested by Sugimura & Uyeda (1967) and Fuchs (1977) . The volume ratio of the fully oriented olivine crystals is one of the interesting questions remaining t o be solved in the future.
Anyway, I think that we have achieved good success in the following three points (S-l)-(S-3):
(S-1) The pair-event scheme has clearly turned out to be successful in removing the propagation-path effects.
(S-2) Performing a trial of the Monte-Carlo experiment, the uniqueness of the optimum solutions obtained by the non-linear inversion has been satisfactorily demonstrated.
(S-3) Considering the quality of seismic data available, the 3-D orientation of the ortho. gonal anisotropy was previously suspected to be impossible to be penetrated at this stage of seismology. However, we have proved that it could be retrieved with meaningful accuracy by the method proposed here.
